Myocardial deformation imaging is now used to assess regional ventricular function in infants but their small size presents particular technical challenges. We therefore investigated the determinants of reproducibility of myocardial longitudinal strain (1) in term and preterm infants, in order to determine optimal technical settings.
Introduction
Myocardial velocity imaging (MVI) is now established as a tool for quantifying regional myocardial function in adults. The technique has been validated and established in children, infants, and neonates. 1 -6 Reference values of parameters measured using MVI in healthy children and neonates have been published. 7 -9 MVI has also been used to assess regional myocardial function in different neonatal conditions. 10, 11 It has been proven to be both feasible and reproducible in preterm infants, 12 thus permitting the assessment and monitoring of regional myocardial function which can be affected by various respiratory and congenital cardiac conditions prevalent in this population. MVI allows the measurements of velocities at any point in the ventricular wall during the cardiac cycle. Myocardial strain (1), a measure of local contractile function, is a one-dimensional measurement of relative deformation of myocardial fibres. Strain rate is the rate by which deformation occurs and this is derived from the instantaneous velocity gradient between adjacent points of the myocardium. The instantaneous data on deformation (or 1) are then obtained by integrating the strain rate curve with time. 13 The distance between two adjacent points used to calculate the velocity gradient is known as the computation distance (CD). A shorter CD is associated with greater noise since the gradient is estimated from fewer velocities. Regional 1 is the average 1 from all the points within a sample area or the region of interest (ROI). A larger ROI will include more points within that area to be averaged. Therefore, a longer CD and a larger ROI will give a better signal-to-noise ratio, hence a more consistent 1 estimation.
There are only two published studies on the technical aspects of offline tissue Doppler deformation analysis in the neonatal population.
14, 15 Nestaas et al. 14 recommended the ROI size of 1 mm long by 3 mm wide with a strain length (or CD) of 10 mm in a two-segment 1 analysis of the term neonatal population. Pena et al., 5 who used a computation length of 6 mm, suggested measuring 1 in the middle segment of each wall as an initial screening parameter of local systolic function in the neonatal population, but no data are available for preterm infants. The inter-observer reproducibility of myocardial deformation imaging in the neonatal population is 30%
12 compared with 10-15% in children 7 and adults. 16 This would need to be improved considerably if it was to be used in the clinical setting. However, the size of the heart in this population presents additional technical challenges in the acquisition and analysis of myocardial deformation images. The aim of the study was to establish the parameters that improve the reproducibility of measuring 1 in both term and preterm infants.
Methods Population
Out of 108 sets of digitally stored echocardiographic images from a myocardial function study, 20 recent sets of images [recorded in 7 healthy term infants (Group A), 7 preterm infants without respiratory distress syndrome (Group B), and 6 preterm infants with respiratory distress syndrome (Group C)] were studied. Details of the infants are given in Table 1 . The study was approved by the local research ethics committee, and written informed consent was obtained from parents.
All infants were scanned within 72 h after birth. The infants were screened for congenital cardiac defects and excluded from the study if there was any abnormality other than patent ductus arteriosus or patent foramen ovale.
Echocardiographic protocol
Images were obtained from infants in a supine or left lateral position using a standard commercial ultrasound machine (Vivid 7, GE Vingmed Ultrasound AS, Horten, Norway) with a 10 MHz or a 7.0 MHz transducer, by a single operator (J.M.E.).
Pulsed Doppler recordings of flow in the left ventricular outflow tract (LVOT) and the proximal pulmonary trunk were acquired from apical four-chamber and parasternal short-axis views, and used to determine the timing of the opening and closure of the aortic and pulmonary valves. Ventricular chamber lengths were measured from the apical four-chamber image.
Colour tissue Doppler images of the left ventricle (LV), right ventricle (RV), and septum were acquired separately using the apical fourchamber view. The sector width and depth of each image were adjusted to obtain for the highest frame rate possible with the optimum Nyquist limit to avoid aliasing. All images were stored as three-beat loops on magneto-optical disks for post-processing.
Offline analysis
Images were analysed using the commercial EchoPac software (GE Vingmed Ultrasound EchoPac 7.00, Horten, Norway) by the same operator (C.Y.P.). The heart rates and frame rates of each loop were recorded. The LV and RV chamber lengths in end-diastole and end-systole were measured from the midpoint of each atrioventricular junction (between the lateral mitral or tricuspid annulus and the septum) to the apex of the left or right ventricular cavity, respectively.
Myocardial 1 was measured in the middle segment of the LV and RV free walls and the septum (Figure 1) . Maximal negative 1 during systole was measured, using the timings of opening and closure of the aortic and pulmonary valves. All parameters were measured in three beats and averaged, unless the signal from an individual beat was too noisy, in which case only two beats were averaged. Linear drift compensation and the default 40 ms Gaussian smoothing were used for all 1 analyses.
Maximal end-systolic 1 was analysed using five different CDs (also called strain length) (2, 4, 6, 8 , and 10 mm) with the same ROI size (10 × 5 mm), in two ways. First, the stored loop from each subject was analysed by positioning the ROI within the middle segments of the septum, LV and RV free walls, at sites that gave similar strain waveforms for each beat. This process was performed for all subjects, using the same CD for all walls, and then repeated in all subjects using the other CDs; the order in which the CDs were tested was determined randomly. In the second method, a CD of 10 mm was used while 
C.Y. Poon et al.
selecting the position within the middle segment of the RV free wall that gave the least noisy strain curve. The maximal 1 for this CD was determined. Without changing the ROI position, the CD was then reduced to 8, 6, 4, and 2 mm and the maximal end-systolic longitudinal 1 for the different CDs were documented. The same process was repeated separately on the LV free wall and septal wall. These methods were used in all subjects, twice, at an interval of 2 weeks.
Statistical analysis
Data were analysed using SPSS version 16.0 (SPSS Inc, Chicako, IL, USA). Values are presented as mean + 2 SD. The Shapiro-Wilk test was used to test the normality of the measured parameters. Measurements between groups were compared by one-way ANOVA for normally distributed parameters and Tukey HSD was used for post hoc multiple comparison. For parameters that were not normally distributed, measurements between the groups were compared by the MannWhitney U-test.
Two sets of longitudinal 1 measurements on 20 sets of images were obtained on all three walls using five different CD by each method. The two methods were analysed separately. For each method, the mean 1, standard deviation (SD), and coefficients of variation (CV, in %) were calculated for each CD. The CV was calculated using the formula: CV ¼ (SD/arithmetic mean of measurements) × 100, where SD is the standard deviation of the differences between the two sets of measurements.
The CD with the smallest CV represents the highest reproducibility between measurements. The influences of other parameters such as frame rate, birth weight, and heart size (measured as ventricular length) on the reproducibility of measurements were also analysed by one-way ANOVA, where the means between groups were compared.
Results
As expected, infants who were born at an earlier gestational age weighed less at birth and had smaller hearts ( Table 1) . With increasing prematurity, there was a trend for the echocardiographic colour tissue Doppler loops to be recorded at higher frame rates, but the number of frames per heart beat was relatively constant (Group A 100 frames/beat, Group B 116 frames/beat, and Group C 107 frames/beat).
A total of 59 segments (20 RV free wall, 20 LV free wall, and 19 septum) were analysed, excluding only the septum in one infant in Group C. Measurements of these segments were averaged from three successive beats except for 7/59 (11.9%) (3 LV free wall and 4 septum).
Systolic 1 was highest in the RV free wall, followed by the LV and then the septum, in all 20 infants. Longitudinal 1 increased proportionally with the size of the infants: the average 1 values for Group A (mean birth weight 3.7 kg), Group B (1.9 kg), and Group C (1.1 kg) were 223.5 + 5.6%, 220.4 + 7.4%, and 214.4 + 5.8%, respectively, at CD of 6 mm ( Table 2) .
Using the first method (resampling the colour tissue Doppler loop for each measurement, to optimize each trace), the CD that Optimization of myocardial deformation imaging in term and preterm infants gave the lowest CV was 6 mm (CV 11.7%). The least reproducible CD was 2 mm (CV 18.3%). Using the second method (when the 1 measurements were done by reducing the CD without altering the position of the ROI within each wall, and without resampling the colour tissue Doppler loop), the differences in CV were minimal from CD of 2 -10 mm (13.7 and 12.6%, respectively) (see Supplementary data online, Table S1 ). Further analyses were done using data obtained by the first method as this is a more realistic test of repeated measurements in clinical practice.
Influence of computation distance (CD)
When the measurements were analysed collectively, 1 was most reproducible when the CD was 6 mm. In the analysis between groups, a CD of 10 mm gave the most reproducible measurements (with CV 13.2%) in the infants who were heaviest at birth and had the largest ventricular chambers (Group A). In the preterm infants (Groups B and C), the 1 measurements were most reproducible using a CD of 6 mm (CVs 8.2 and 3.6%, respectively). In the preterm groups, the poorest reproducibility was observed using CDs of 2 and 10 mm (Figure 2) .
Influence of frame rate
In order to examine the influence of frame rate on the reproducibility of 1 measurements, the data were sorted according to tertiles of frame rate, and within each tertile the CV for each CD was calculated. The average frame rate for all loops recorded in our study was 223 + 63 frames per second (fps) and the mean for each group was .200 fps. There was an inverse relationship between frame rates and CV which decreased from 17.3% in the lowest tertile to 11.7% in the middle and 9.6% in the highest tertile (one-way ANOVA) ( Table 3) . At rates above 179 fps, in the middle and upper tertiles, repeated measurements of 1 using a CD of 6 mm gave CVs of only 7.0 and 8.0%, respectively.
Influence of heart size (diastolic ventricular length)
The longitudinal 1 measurements obtained from images with frame rates .180 fps were sorted according to tertiles of diastolic length of the respective ventricles where each 1 measurement was derived. Repeated measurements of systolic 1 were most reproducible for infants in the first, second, and third tertiles of diastolic ventricular lengths (smallest, average, and biggest hearts, respectively) using CDs of 4 mm (5.8%), 6 mm (4.8%), and 8 mm (8.4%) ( Table 4) .
Discussion
We have confirmed that myocardial strain imaging is both feasible and reproducible even in preterm neonates. The overall CV of 11.7% for repeated measurements of 1 in this study compares very well with the intra-observer reproducibility in another study. 12 The heterogeneity in the 1 values seen between the three walls in our study is very similar to other studies, 5, 6 albeit the mean RV 1 values are lower. This may be explained by the inclusion in our study of preterm infants with respiratory distress syndrome, in whom RV function was impaired. We used two different methods to test the reproducibility of different CDs for measuring systolic 1 in neonatal hearts. In the first method, repeated measurements were made by the same observer who resampled the same digitally stored myocardial velocity loops; each new measurement was made using slightly different data because of the slightly different sampling site (or ROI) as well as the altered CD. The second method was employed with the aim to eliminate the intra-observer's inconsistencies of placing the ROI in different positions for the best 1 curve. The differences in the measured 1 values were related only to variations in the CD, and showed that there were no consistent variations resulting from the processing algorithm. In this study, a total of 590 offline measurements were taken, consisting of 295 paired measurements from 59 different segments in 20 infants, repeated 2 weeks apart, and used to test the reproducibility of five different CDs.
This study did not test the variability of repeated acquisitions or measurements by different observers, nor did it consider the Optimization of myocardial deformation imaging in term and preterm infants variability that can occur if different machines or echocardiographic systems are used. Each of these factors in clinical practice introduces more variability. We also did not test the reproducibility of strain rate which in a pilot study we found to be noisier than strain, in small infants, such that it may be difficult to use this parameter clinically.
Determinants of the reproducibility of myocardial strain
We have found that 6 mm is the most appropriate CD to be used when measuring myocardial longitudinal 1 in preterm infants. Shorter CDs gave worse reproducibility, probably because of increased noise in the signals. Longer CDs were expected to be more reproducible because of more averaging and smoothing, but they also gave poorer reproducibility in repeated measurements, probably because the ROI included adjacent structures such as the papillary muscles, the mitral and tricuspid annuli, and atria ( Figure 3 ). In the larger term infants with a mean birth weight of 3.7 kg, increasing the CD to 10 mm improved the reproducibility between measurements. This suggests that the CD to be used for measuring 1 should be tailored to the size of the ventricle or infant. Nestaas et al. 14 investigated the influence of different strain lengths (or CD) and ROI on two-segment 1 and strain rate measurement in neonatal hearts. They found that the ROI size of 1 mm long by 3 mm wide with a CD of 10 mm gave the lowest beat-to-beat variation in a two-segment analysis of infants born at term. This is in keeping with our findings in the term infants. However, in the smaller preterm infants, 6 mm would be the optimal CD to be used in a single segment longitudinal 1 analysis. Our data have shown conclusively that the reproducibility of repeated measurements improved with higher frame rates, across all the CD tested. We think this is the most likely explanation for improvements in the reproducibility of measurements in the smaller ventricles seen in our study as images were acquired from the smaller infants at higher frame rates. We recommend acquiring tissue Doppler images at frame rates .180 fps, in order to optimize the reproducibility of myocardial deformation imaging, in keeping with the general consensus that frame rates ≥200 fps help reduce the random noise component of the postprocessing of myocardial strain and strain rate. 16 It is particularly important to obtain high frame rates in neonates whose heart rates are higher than in the children and adults. The average frame rates in other neonatal myocardial deformation studies were between 190 and 300 fps.
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Limitations
The ROI size (10 × 5 mm) used in this study was larger than those used in other studies. The rationale for this was to obtain the best possible signal-to-noise ratio to highlight the differences between two measurements in comparing the different CD in the analysis of longitudinal 1 in the middle segment of each wall. The total length used for 1 calculation in this study ranged from 12 to 20 mm. Most computation lengths would not have exceeded the length of the ventricular walls, considering that the diastolic ventricular chamber lengths in this study were between 17.5 and 29.6 mm. However, we recognize that the 1 values obtained are derived from the whole ventricular walls rather than the middle segment only. If a more accurate representation of segmental 1 within each ventricle is required for clinical purposes, then the ROI length would have to be reduced. The ROI width could also be reduced in proportion to the thickness of the ventricular wall. The length and width of the ROI (1 × 3 mm) as recommended by Nestaas et al. may be applicable in this population. 14 We found that the LV 1 had the highest variation. One explanation could be difficulty in aligning the ultrasound beams to the motion of the LV free wall in neonates with suboptimal apical windows. Great care should be taken during image acquisition to ensure that the angle between the ultrasound beam and the direction of myocardial movement is less than 20%.
Conclusion
Myocardial deformation imaging is a practical and reproducible echocardiographic technique for assessing regional longitudinal LV and RV function in both term and preterm neonates. We recommend using a CD (strain length) of 6 mm for the offline analysis of segmental strain in preterm infants. A CD of 10 mm is appropriate in term infants with larger hearts. All myocardial velocity loops should be acquired at frame rates above 180 fps.
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